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Abstract: Rel ationshi ps between sedi nent-associ ated contami nants and erosion and
sedi nentati on processes are described, and some gaps in know edge (with respect to
erosi on and sedi nent yield nodeling) for inproved understanding of contamn nant
transport and redistribution are identified. WAtershed processes and erosion and
sedi nent yield nodels are discussed. Two upland erosion nodels are described in
detail, and criteria for application of nore conplex watershed nodels are identified
and expl ai ned using exanpl e applications. New applications in nodeling erosion and
sedinent yield are outlined, and the concept of an enbedded and conpl ex conputer
simul ation nmodel in an expert systemis introduced

Signi ficant research advances have been made on environnmental problens dealing
with transurani cs since pre-1980 work was sunmarized in Transuranic El enments
in the Environment (Hanson, 1980). |t appears appropriate to assess our
current position with regard to an inportant area of this research and to
present a brief overview of new techni ques which nay | ead to significant
advances in the future. The primary enphasis of this chapter is to exam ne
erosion and sedi nmentation processes which have inportant inplications in

redi stribution of sediment-associated contam nants (particularly the

actini des) throughout the |andscape.

SO L, CONTAM NANTS, AND PHYSI CAL TRANSPORT

The first chapter in Hanson (1980) is a synthesis of the research
literature sunmarizing inventory ratios for plutoniumin ecosystem
conpartnents (Watters et al., 1980, Table 3, p. 6). The "soils conpartment"
is seen to be the domi nant repository for plutonium Processes which affect
soi|l erosion and sedi nentation processes al so affect plutoniumtransport and
redistribution. Discussions herein are linmted to the hydrologic transport
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processes. Cbviously, in sone areas, wind is inportant in resuspension. The
reader is referred to the appropriate sections in Hanson (1980) and in this
publication for additional discussions of resuspension

The section "Water Erosion" (Watters et al., 1980, pp. 26-27) discussed
the imted attention physical transport processes had received in terrestrial
ecosystens. Notabl e sources docunenting these processes included Rormey and
Wal | ace (1977), Hakonson et al. (1976), Sprugel and Bartelt (1978), and Miller
et al. (1978). Typically, to predict contam nant | osses associated with soi

erosion, the soil loss estimates were nultiplied by an enrichnent ratio. The
eroded and transported soil particles were found to be, on the average, finer
than the original soil. Moreover, the snaller particles have a |arger

specific surface area and, usually, a higher concentration of the sedinent-
associ ated contaminants. As a result, the eroded and transported sedi nents
are usually enriched in fine sedi nents and, thus, contam nant concentration

Unfortunately, nobst enrichnent ratio estimates were based on neasured
soil and sedinent data (e.g., particle-size distributions of residual and
eroded sediments and their correspondi ng nean contam nant concentration).
Little attention had been given to interpreting the nmeasurenents to determ ne
t he mechani sns controlling fine particle enrichment and, thus, determ ning
enrichment ratios. The CREAMS nodel (Knisel, 1980a) and sinilar nodels were
devel oped to account for particle-size distribution of soil and eroded,
transported, and deposited sediment. The CREAMS nodel, for exanple, uses
specific surface area relationships to estimte an enrichnent rati o which
i ncorporates the particle-sorting processes described earlier. Lane and
Hakonson (1982) exam ned sedi nent transport rates by particle-size classes and
devel oped an equation to predict the enrichnent ratio in alluvial stream
channels. Selected data on enrichnent ratios relevant to plant nutrients and
pl utoni um were sumuari zed by Watters et al. (1983).

Probl ens requiring estimtes of average annual erosion and contani nant
yield, or statistical features of these variables, can be addressed (under
speci fied and appropriate conditions) by nodels such as the USLE or CREAMS vi a
utilization of enrichnment ratios. To address nore fundamental questions
related to dynami c transport, deposition, and redistribution of sedinent-
associ ated contam nants, however, we nmust devel op nore fundanental |y based
erosion and sedi ment yield nodels.

WATERSHED EROSI ON AND SEDI MENT Yl ELD

Wat er shed erosion and sedinent yield are the primary focus of this
chapter. The terns "watershed" or "watershed processes" connote consideration
of distributed systens with processes which are neither uniformin space nor
constant in tine. Watershed processes al so suggest processes such as nmass
flux (water, sedinent, or contaminant) relative to a specified contributing
area. This contributing area is called the watershed, the drai nage basin or
area, or the catchnent.

I f one exam nes the |andscape, and this is easier in and senmarid areas
wher e geol ogi ¢ and geonorphic features are nore readily apparent, a striking
feature is that stream channels conbine in conplex patterns to formthe
channel network and the interchannel areas. Witershed neans a surface
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drai nage area above a specified point on a stream encl osed by a topographic
boundary or perineter.

It is often convenient to visualize a watershed as consisting of the
channel network and the contributing or interchannel areas. The contributing
areas can be described as upland or upstream areas and adjacent or latera
areas. Sonetines, it is convenient to further characterize the watershed as
consi sting of the stream channel and the upland and | ateral overland fl ow
areas. The reasonabl eness of this characterization varies, dependi ng upon the
hydr ol ogi ¢ systens under consideration (e.g., nore accurate in agricultura
and urban areas and nuch less so in forest environnents) and upon the scal e of
consideration (e.g., micro vs. macro topographic features).

Background Di scussi on

The enphasis of our discussion is on erosion and sedi nentati on by water.
These are the processes by which soil particles are detached, transported, and
deposited by raindrop inpacts, by runoff on the soil surface, and by runoff in
rills, concentrated fl ow areas, and stream channels (see Foster, 1982, for
addi ti onal discussions).

Erosion on farmfields reduces potential crop production, and sedi nment
which | eaves the field can result in subsequent sedi nentation problens which
in turn, can cause off-site environnental problens (e.g., ASCE, 1975, 1982).
An exanple is the redistribution of fallout plutonium Erosion on other
upl and areas--such as construction sites, urban areas, m ne devel opnents, or
ot her disturbed areas--can also cause on-site and off-site problens (e.g.

AQU, 1977; ASCE, 1975).

Channel erosion or deposition processes can cause further problens
because the stream channels are conponents of the watershed system ( ASCE
1975, 1982). Because we are concerned with interactive processes |inking
upl and areas with stream channel networks, and ultimately with large river
systens, we are concerned with hydrol ogi c and hydraulic processes because they
provide the driving force for erosion, sedinentation processes, and associ at ed
contam nant transport.

Form and Structure of Erosion/Sedinent Yield Mdels

Because there are an infinite nunber of objectives, uses, and
applications for description, explanation, investigation, understanding, and
predi ction of erosion and sedi mentation processes, there are infinite
possibilities for nbdels. These nodels can be conceptual, descriptive, and/or
qguantitative.

Er osi on and sedi nent yield nodels can be classified with respect to a |arge
nunber of characteristics. Some of the nobst apparent and usefu
classifications appear in the follow ng discussions.

A somewhat artificial distinction can be nade between conponent and
systens nodels. An exanple night be a nodel of watershed systens with upland
and stream channel conponents. One can consider index vs. quantitative
nodel s. An index nodel night describe erosion as "noderate," whereas a
quantitative nmodel would give it as averaging 10 g/ nf/yr. Another usefu
distinction is stochastic (random processes in tine) vs. deterninistic nodels.
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A useful distinction is between event nodels and continuous sinulation nodels.
An event nodel might be a set of equations to predict upland erosion given a
paranmeter set, initial conditions, and a particular rainstormand runoff
event. |In contrast, a continuous sinulation nmodel nmight maintain a daily
wat er bal ance throughout the year to specify soil noisture status for runoff
and erosion calculations as the result of a given rainstorm An inportant
distinction is between |unped and distributed nodels. For exanple, a |unped
nodel might use the areal nean rainfall as input (lunped in the sense that a
single value is used to represent rainfall over the entire watershed) to
conpute runoff volume. |In contrast, a distributed nodel might use a three-
di mensi onal coordinate systemto describe rainfall anmount as a function of x,
y, and z. Paraneters or variables can also be lunped in tine as well as space,
or bot h.

These classifications are inportant so that a nodel user can forma
pi cture of how the nodel is classified and how it is intended to describe
processes. This information, in turn, can help the user decide if the
particul ar nodel is appropriate for the intended application

WATERSHEDS AND PROCESSES

Wat er shed processes will be described in terns of processes occurring on
upl and areas, in snall stream channels, and over entire watersheds. A basic
source docunent for these concepts is The Fluvial System (Schumm 1977). An
i deal i zed fluvial systemis described as consisting of Zone 1, the drainage
basin as a sedinent and runoff source; Zone 2, the main river channels as a
transfer conponent; and Zone 3, the alluvial fans, deltas, etc., as zones of
deposition. Further elaboration on these concepts is given by Schunm (1977)
and in an Amrerican Society of Cvil Engineers Task Comittee Report (ASCE
1982). The enphasis here is on Schunm s Zone 1, as further divided into
upl and areas, lateral areas, and small stream channels. Considered together
these three elenments formthe watershed

Upl and Areas

Processes considered for upland areas include runoff, sedi nment
det achnment, transportation and deposition, and sedinent yield. Hydrologic and
hydraul i ¢ processes, such as rainfall anpbunt and intensity, runoff anount and
rate, and flow depth and velocity drive erosion and sedi mentati on processes.

Runof f

Surface runoff is the result of precipitation and is the amount of water
whi ch appears in the stream channel network during and after precipitation
Surface runoff, as direct flow of water over the soil surface and in snall
definabl e channels, is ternmed overland flow. Overland flow is not necessarily
sheet flow, although it may be under idealized conditions and on a

sufficiently small scale. It consists of flowto, into, and within snal
concentrated flow channels or rills (Foster, 1971, 1982). Overland flowis
thus sheet flow on the interrill areas and channel flow in the many snal

rills. For surface runoff to be classified as overland flow, it nust be that
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the mean flux per unit width of the flow area cross-section is proportional to
the storage in an increnental area (e.g., see Lane, Wol hiser, and Yevjevich
1975, pp. 1-2, for a nore detailed description). Wen surface flow cannot be
hydrologically or hydraulically treated as overland flow, it is channel fl ow.
Agai n, these distinctions are sonewhat arbitrary and difficult to describe
quantitatively, but they are useful, conceptually and nathenatically.

Two general methods are available to conmpute runoff on snall upland
areas. The first nmethod is based on nodels such as Richards' equation
(Ri chards, 1931) or various approximations to it called infiltration
equations. This nethod uses precipitation data as a function of tine,
together with an infiltration equation to separate rainfall rate data
(intensity) into the amount entering the soil (infiltration) and the anopunt
whi ch noves over the soil surface (runoff as overland flow). Basic source
docunents dealing with infiltration include Philip (1969), Mbrel-Seytoux
(1973), and Skaggs and Khal eel (1982).

The second nethod used to conpute runoff on snall upland areas is based
on rainfall depth alone or on rainfall depth and statistics representing
rainfall intensity to conpute runoff volune. G ven runoff volune, other
procedures are used to estinmate peak rate of runoff or the runoff hydrograph
The USDA Soil Conservation Service runoff curve nunber procedure is the best
known and wi dely used nodel of this type (SCS, 1972).

Det achnment, Transportation, and Deposition

A description of the detachnent, transportation, and deposition
processes is given by Foster (1982), and the follow ng brief description
follows that outline. Additional detail is given by Wschneier and Snith
(1978), Helnfelt et al. (1975), and Sinons et al. (1975).

Soil particles are detached when the inpact of raindrops or the erosive
force of flowing water is in excess of the ability of the soil to resist
erosion. Sedinent particles are transported by raindrop splash and by
overland flow Deposition of soil particles occurs when the weight of the
particle exceeds the forces tending to nove it. This condition is often
expressed as sedi nent | oad exceedi ng sedi nent transport capacity.

Particles detached in the interrill areas nove to the rills by splash
mechani sns and as a result of suspension and saltation in overland fl ow.
Thus, their detachnment and novenent is independent (except for norphol ogica

features of rill and channel systems controlling |length and slope of interrill
areas) of processes in rill and streamchannels. The converse, however, is
definitely not true; the anmpunt and rate of water and sedinent delivered to
the rills deternmine rill erosion rates, sedinment transport capacity inrills,

and rate of sedinent deposition.
The basic rel ationship between sedi nent load (@), transport capacity
(TC), erosion rate (E), and deposition rate (D) is:

Rate (E or D) = a(TC - Q)
(1)

where a is a coefficient. The coefficient for erosion is:

a = EMTC
(2)
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where EMis the rill erosion detachnent capacity rate, or the nmaxi num erosion
rate when sedinment load is zero. Follow ng Foster and Meyer (1972), the rill
erosion rate equation can be rewitten as:

E/EM+ QS/TC = 1
(3)

where E is the erosion rate. Rewiting this equation in terns of erosion rate
nmeans:

E=EM1 - QS/TC
(4)

wi th the nmaxi mum erosion rate given by rearrangi ng Eq. 2

EM = aTC
(5)

In a simlar manner, the equation for rill deposition rate (D) can be witten
as:

DDM+ TC/ QS = 1
(6)

with DM as the maxi num deposition rate when transport capacity is zero. This
equation can be rewitten as:

D=DM1 - TO QS)
(7)

wi th the nmaxi num deposition rate given as:

DM = -aQs (8)

The coefficient a is given (Einstein, 1968) by the ration of the particle
fall velocity, VS, to the water discharge per unit width, q, as foll ows:

a - eVvS/q
(9)

where e = 0.5 for overland flow, and e = 1.0 for open channel fl ow.
To sumuari ze the previous nine equations and show how sedi nent | oad may
be different fromtransport capacity, Eqs. 3 and 7 can be rewitten as:

EEM=1 - Q5/TC
(10)

for erosion, and

DDM=1 - TO QS
(11)
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which, in terns of relative sedinent load (Q/ TC), can be witten as:

DDM= 1 — 1/ (Q8/ TQ)
(12)

Note that Eq. 10 shows the potential relative erosion rate, EfEMis a linear
function of relative sedinment |oad. Equation 12 shows relative deposition
rate is proportional to the reciprocal of relative sedinent |oad. These

rel ati onships are shown in Fig. 1.

10
Lad
[
o
[ 4
z 8 SEDIMENT LOAD = TRANSPORT GAPAGITY
E {EQUILIBRIUM POINT)
T
&
u B
L=
{1
(=
z |
o 4t
e
&
d EROSION DEPOSITION
W ol
a
=l
Lal
t i i L 1 i
% 0.5 1.0 .5 2.0 2.5 3.0
0S/TC RELATIVE SEDIMENT LOAD
Fig. 1. Schematic illustration of relationships between potential erosion

rate, transport capacity and deposition rate.
The curves shown in Fig. 1 suggest the follow ng:

1. Potential erosion rate is at its maxi nrum when sedinment |oad is zero, such
as when clear water is directly introduced into the upstreamend of a ril
or channel

2. Relative erosion rate decreases linearly with increasing sedi nent |oad
until net erosion ceases when sedi nent |oad exactly equal s sedi nent
transport capacity.

3. Deposition rate is at its maxi num when transport capacity is zero, such as
when flow velocity is zero in still water

4. Rel ative deposition rate decreases nonlinearly fromits maxi numwth
decreasi ng sedi nent load until net deposition ceases when sedi nent | oad
exactly equal s sedi ment transport capacity.

Transport capacity tends to increase with increasing flow and fl ow
velocity. For the sanme flow conditions, transport capacity—for snaller or
lighter particles—s greater than it is for larger or heavier particles.
Therefore, many factors influence transport capacity and, thus, sedinment
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yield. For exanple, the flow transport capacity in a rill or channel may
exceed avail able sedinent load. |If the detachnent capacity (ability to

di sl odge soil particles) is less than the resistance of the soil to detachnent
by flow, then rill or channel erosion will not occur, and transport capacity
will remain in excess of sedinent load in the channel. On the other hand, if
the transport capacity of a channel is |less than avail abl e sedi nent supply
frominterrill erosion, then deposition will occur. Consider a short rill

near the top of a hillslope. Flow rate increases nearly linearly with
di stance fromthe top of the slope (at | east at steady state) so that
transport capacity increases with increasing slope length x. For a fixed x,

increasing interrill detachnent rate can result in direct increases in
sedinent yield if sufficient transport capacity in the rill exists. |If
transport capacity in the rill is much less than the sedi nent supply from
interrill erosion, then increasing the interrill detachment rate nay not
result in corresponding increases in sedinent yield. The increased sedinment
supplied frominterrill areas nmay be deposited in the rills, as shown in Fig.

1 and by Eq. 12.

Foster (1982, p. 301) sunmarizes this latter point by saying, "Mst
downsl| ope novenent of upland sedinent is by flowin the rills. Even though
excess transport capacity nmay exist on the interrill areas, this transport
capacity does not add to the transport capacity of flowin the rills. This is
subtle but a key point in using data fromsnall experinental areas (e.g., 1 m
by 1 n) to estinate paraneter values for erosion nodels. Conversely, excess
transport capacity in the rills is not available to transport sedi nent
detached by raindrop inpact on interrill areas." This is a key point for
practical application of erosion equations and, thus, nerits further
el aborati on.

Smal | rainfall sinulators (on the order of 1 mX 1 mplots) are often
used to estimate paraneters in erosion nodels and to estinmate the erosiona
i npacts of various |land use and treatnments. These sinulators, on very smal
pl ots, can distinguish between various treatnents as they affect interrill

detachment rates and can be very efficient in estimation of interrill erosion
paranmeters in erosion/sedinent yield nodels. They cannot be used to
i nvestigate rill and channel processes, nor can they be used to estimate rill

and channel erosion, transportation, or deposition paraneters.

Erosi on data and paraneter estinmates, obtained using these 1 mX 1 m
plots, are often found to be in disagreenent with data and paraneter estinates
fromlarger plots or watersheds. These results are sonetines incorrectly used
to question data and nodel s derived fromlarger plots and snall watersheds.

Al t hough these large plot- and watershed-derived data and nodels will, and
shoul d, be subject to critical analyses, their applicability and worth shoul d
not be judged exclusively in relation to how well they agree with small pl ot
results.

Sedi nent Yield

Sedinent yield fromupland areas is sinply the final and net result of
det achment, transport, and deposition processes occurring fromthe watershed
di vide down to the point of interest where sedinent yield information is
needed. Depending upon the scale of investigation and definition of the
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problem this point of interest can be a position on a hillslope, a property
boundary at a construction site, the edge of a farmfield, delivery point to a
stream channel, or sone other |ocation dependent upon topography. In any
event, sediment yield at the point of interest is deternmined by the occurrence
of physical processes of sedinent detachment, transport, and deposition at al
positions in the contributing watershed area above the point of interest.
Sedinent yield is often discussed (and conputed) based on the use of a
delivery ratio defined as the change per unit area fromthe source to the
point of interest. The delivery ratio (D in percent) is often expressed as:

D =100 Y/T
(13)

where Y is the total sedinent yield at the downstream point of interest, and T
is the total material eroded (gross erosion) on the watershed area above the
point of interest. Values of Y and T are given in units of nass per unit area
per unit tinme (e.g., T/Alyr). Descriptions of sedinent yield from upl and
areas are given in Foster (1982, pp. 362-369) and fromlarger watersheds in
Sedi ment ati on Engi neering (ASCE, 1975, pp. 437-494) and WIllians et al

(1985). The enphasis in this section is on upland areas and the delivery of
wat er and sedinment to the stream channel systemand, ultimtely, the watershed
outlet.

St ream Channel s
As interest in erosion and sedinment yield extend to progressively |arger

| and areas, the relative i nportance of stream channels increases. There are
no rigorous and clear-cut criteria, however, used to set definitive linmts to

di stingui sh between rills and snmall streans or channels. |[If nornal tillage
can obliterate the concentrated flow areas, they are terned rills. [|f not,
they are ternmed gullies or channels (Hutchinson et al., 1976; Foster, 1982).

In a nore recent Task Conmittee Report (ASCE, 1982, p. 1330), a small channe
was defined as follows:

Therefore, for this report, we adopt an operational definition of a snall
stream or channel as a pernmanent feature of the |andscape that conveys
wat er and sedi nent fromthe upland areas to the major channels and acts
as a sedi nent source or sink, depending upon the dynam c characteristics
of the water-sedinment flow system Central to this definition is the
sensitivity of the small channel to upland runoff and erosion processes
and to hydraulic and sedi nent transport processes in the |arger
downstream channel s.

Notice this latter definition shares the concept of pernanent feature of
the | andscape with the agricultural definition. As unsatisfactory as these
definitions nay be, they do reflect the state of the art in hydrol ogy, erosion
and sedi nentation, and geonor phol ogy.

I ndi vi dual Channel Segnents

Di scharge al ong a single channel segment during a runoff event, and in
t he absence of significant infiltration |osses to the channel bed and banks,
can be assumed to vary directly with upstreamcontributing areas. If an
initial discharge is allowed at the upper end of a segnent to approximte fl ow
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from headwat er contributing areas, then the channel segnent has an upstream
i nfl ow and i ncreasing discharge in the dowstreamdirection due to |atera
i nflow.

Foster et al. (1981, p. 1256) described this flow situation in farm
fields and its representation in the CREAMS nodel as foll ows:

Flow in nost channels in fields is spatially varied, with discharge

i ncreasing along the channel. The nodel approximates the energy
gradeline along the channel assuming a triangular channel section and
steady flow at the characteristic peak discharge froma set of polynonia
curves fitted to solutions of the normalized spatially varied flow
equation (Chow, 1959). This feature approxi nates either drawdown or
backwat er at a channel outlet |ike the edge of a field where vegetation
may hi nder runoff. As an alternative in the nodel, the slope of the
energy gradeline can be assuned equal to the channel slope. After the

sl ope of the energy gradeline is estimated, a triangular, rectangular, or
natural |l y-eroded section is selected at the user's option to conpute flow
hydraul i cs and channel erosion and sedi ment transport.

Thi s description of channel segnent representation in the CREAMS nodel
(Kni sel, 1980a) points out several inportant features of runoff and flow
hydraulics in small channels. O course, flowin these channels is spatially
varied, and various options are available in approxi mati ng channel fl ow.
Foster et al. (1981) selected a characteristic discharge (the peak discharge)
and then assuned spatially varied, but steady, flow. Ohers have assuned
uniform but unsteady, flow Still others have assuned bed sl ope equal to
friction slope and have thus applied the kinemati c wave equations. Even
application of the dynam c equations requires several sinplifying assunptions
(e.g., Chow, 1959) and results in approximte flow cal culation. Mreover, the
flow perineter (channel bed and banks) is itself variable and dependent upon
flow conditions and is often terned self-formed (ASCE, 1982). Processes of
alluvial bed fornms, and their interaction with flow hydraulics and sedi nment
transport, are inportant (Sinons and Ri chardson, 1971).

Rel ati onshi ps between erosion, sedinment |oad, and deposition-di scussed
in the section on rill erosion-also apply; therefore, upland processes
af fecting water and sedi ment supply to the stream channels al so affect
processes in the channels. Localized changes in hydraulic conditions affect
erosion, transport, and deposition of sedinent in rills and have sinilar
effects if they occur in channels.

Smal | WAt er sheds

Upl and processes and processes in individual channel segnents are
conbi ned through the channel network and interchannel areas to influence
runof f and sedinent yield fromwatersheds. In addition to the conplex
rel ati onshi ps on upland areas in stream channels, processes affecting
wat er shed runoff and sedinent yield include interactions (e.g., channe
junctions and backwater) as well as |and use, soil and cover characteristics,
and other factors varying over the drainage area. The state-of-the-art in
hydr ol ogy and erosion/sedi nentation is such that runoff and sedinent yield
froma wat ershed cannot be described adequately or predicted w thout resorting
to use of indices, fitted paraneters, and the application of judgnent and
experi ence.
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This does not nean that significant progress has not been nade or will
not be made in the future. For exanple, the recent publication of the
Anmerican Society of Agricultural Engi neers nonograph, Hydrol ogi c Mdeling of
Smal | WAt ersheds (ASAE, 1982a), represents a conpilation of nearly two decades
of significant advances over sinilar material included in the Handbook of
Applied Hydrol ogy (Chow, 1964).

Two i nmportant factors nay assist in devel opnent of inproved hydrol ogic
and sedinent yield nodels. First is the growh and increasing availability of
personal conputers and tel ecomruni cations Iinks to major conmputer centers and
data repositories. Second is the developnent of artificial intelligence,
especially expert systens. These systens will allow conpilation and ready
access to the expert judgnent and experience factors necessary to predict
runof f and sedinent yield fromwatersheds. Devel opnent of expert systens will
be discussed in a later section of this chapter

DEVELOPMENT OF MODELS

The first nodels examined will deal with soil |oss on upland areas.
Next, the enphasis will be on sinple watersheds. Finally, we will return to a
brief discussion of nodels for runoff and sedinment yield fromlarger and nore
conpl ex wat er sheds.

The Universal Soil Loss Equation (USLE)

The nost widely used and successful nodel to predict soil |oss from
upl and areas is the USLE descri bed by Wschneier and Smith (1978). Their
publication, Predicting Rainfall Erosion Losses, A Guide to Conservation
Pl anni ng, states on page 1

The procedure is founded on an enpirical soil |oss equation that is
believed to be applicable wherever nunerical values of its factors are
avai l abl e. Research has supplied information fromwhich at |east

approxi mate val ues of the equation's factors can be obtained for specific
farmfields or other snall |and areas throughout nost of the United
States. Table and charts presented in this handbook make this
information readily available for field use

Several inportant points are nmade in these introductory coments. The
phrase "an enpirical soil |oss equation" suggests the origin and basis of the
equation. The equation and its factors are based on observati ons of erosion
and erosion processes rather than theoretically derived relationships. The
phrase "research has supplied informati on" makes reference to a data base,
consi sting of over 10,000 plot-years of data from 37 locations in 21 states
used to develop the USLE. Since its devel opnent, additional plot data have
been collected in nany other states and countries to evaluate USLE factors

under a variety of conditions. These efforts will, no doubt, continue for the
foreseeable future. The phrase "for specific farmfields or other small |and
areas" limts the intended application to upland areas, described earlier, and

enphasi zes agricultural systens, especially farmfields. The phrase "Table
and charts presented..." illustrates the nethodol ogy used to prepare the
handbook and its intended | evel of use as a tabular and graphi cal handbook
Finally, the handbook is intended to help in choosing guidelines for selection
of erosion control practices on farns and ot her erosion-prone areas.
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W schneier and Snith (1978, p. 3) also state: "The USLE is an erosion
nodel designed to predict the long-tinme average soil losses in runoff from
specific field areas in specified cropping and nmanagenent systems." This
conment can be interpreted to nean that the USLE is intended to compute
average annual soil loss, and the result should be seen as a | ong-term average
annual val ue.

The USLE was originally derived and presented in English units.
Conversion to Sl units was acconplished after the fact. Therefore, for
readers' conveni ence, the presentation herein provides both English and Sl
units. The USLE is:

A = RKLSCP
(14)

where the terns are described as foll ows:

The variable A is the conputed soil loss per unit area and is nost often
expressed as an average value in English units as ton/acre/yr and in Sl units
as t/haly.

Rai nfall and Runoff Factor

The R factor is described as a rainfall and runoff factor and is
conputed as the product of rainfall stormenergy (E) and the nmaxi num 30-nin
rainfall intensity (130). The product term (El) is described by Wschneier
and Smith (1978, p. 5) as "a statistical interaction termthat reflects how
total energy and peak intensity are conbined in each particular storm
Technically, it indicates how particle detachnent is conbined with transport
capacity." Total energy refers to raindrop detachment, and peak intensity
refers to the peak rate of runoff. The R factor is often nmisinterpreted as a
rainfall factor only. |If one conducts regression analyses with data from
smal | upl and areas, however, 130 is often nost strongly correlated with runoff
volunme or peak rate of runoff. To the extent that regression equations
sunmari ze a data set and result in prediction ability, 130 is a runoff
predictor in the R factor.

The energy paraneter can be conputed fromrainfall intensity data using:
E = 916 + 331Logol I <=3 in./hr
(15)
E = 1074 Il >3 in./hr
(16)
where E is kinetic energy in hundreds of foot-tons per acre-inch, and I is

intensity in inches per hour for a given period of constant rainfal

intensity. Values of E for | greater than 3 in./hr are assuned to be given as
E = 1074 as an upper limt. Equation 15 is applied over each interval in a
storm and the sumis rainfall energy. Tabular data for rainfall energy
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conputation are also given in Table 19 on p. 56 of Wschneier and Snith

(1978). In Sl units, the correspondi ng equations are:
E = 0.119 + 0.0873Logspl | <= 76 mm h
(17)
E = 0.283 I > 76 mmh
(18)

where E now has units of negajoule per hectare per mllineter of rainfal

(Mi/ha « nm, and | is rainfall intensity in mih. Follow ng the notation of
Foster et al. (1981), hour and year, in English units, are witten hr and yr,
whi l e hour and year, in Sl units, are witten as h and vy.

Figures 1 and 2, in Wschneier and Smth (1978), show average annua
val ues of rainfall erosion index for the United States. These maps can be
used to estimate R for use in the USLE. An approxi mate equation to estimte R
is:

R = 27.38p> Y
(19)

where R is an estimte of the average annual rainfall erosion index in (foot-
tons per acre) (in. per hr), and Pis the 2-yr, 6-hr rainfall anount in
i nches.

The correspondi ng equation, in Sl units is:

R = 0.417P> Y
(20)

where Ris in Ml » miha « h ey, and Pis the 2-y, 6-h rainfall anmount in
millimeters

Therefore, if stormrainfall intensity data are available, then a val ue
of E can be conputed for each storm by sunmi ng over uniformintensity periods
within each storm These sumed individual stormvalues are nultiplied by the
correspondi ng 130 values for each stormand are sumed over the entire year

This annual value of El is divided by 100 as a value of R for that year. |If
this procedure is repeated over several years, an average annual value of R
can be estimated. |If rainfall intensity data are not available or are

unsui t abl e because of short records, etc., then Figs. 1 and 2 in the USLE
Handbook can be used to estimate R Finally, a rough approxi mation is given
by Eq. 19 or 20.

Wthin the continental United States, annual values of R range from <20
to >550 hundreds of ft-tons  in./acre * hr « yr, or from<340.4 to >9361 M) -

nmha « h «vy.
Soil Erodibility Factor

The soil erodibility factor, K, in ternms of (tons/acre)(acre/ft-

tons)(hr/in.) or t « ha* h/ha+* Ml » nm is the soil |oss rate per erosion

i ndex unit for a specified soil as neasured on a unit plot. A wunit plot is
defined as a 72.6 ft, or 22.1 m length of uniform 9% sl ope conti nuously
clean-tilled fallow condition. Note that under these unit plot conditions, LS
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=1, C=1, and P =1 so that LSCP = 1. Wth these values it nust be that A =
RK, so that if Ris plotted on the horizontal axis and Ais plotted on the
vertical axis, then Kis the slope of the line through the origin expressing A
as a function of R

Figure 3, on p. 11 of the USLE Handbook (W schneier and Smith, 1978), is
a nonograph for K as a function of percent sand, silt, clay and organic
matter, as well as soil structure code and soil perneability class. Conputed

val ues of K ranged fromabout 0.02 to 0.70 ton « acre * hr/hundreds of acre ¢

ft « tons = in., or fromO0.0026 to 0.092 t » ha * h/ha » M] « nrm w th nost
agricultural soils having values in the range of 0.10 to 0.40, or 0.013 to
0.053 in Sl units (e.g., Table 1, p. 9 of the USLE Handbook).

Sl ope Length and Steepness Factor

The factor LS is dinensionless and is the expected ratio of soil |oss
per unit area of a field slope to that froma unit plot. A 72.6 ft (22.1 m
uni form sl ope at 9% would have an LS value of 1.0. Table 3 on p. 12 and Fig. 4
on p. 13 of the USLE Handbook give LS values for various conbi nati ons of slope
| ength and steepness. For exanple, a uniformslope length of 25 ft (7.6 n)
woul d have an LS value of 0.06 for 0.2%slope and a value of 2.04 for 20%
sl ope steepness. These estinmates are based on data fromplots with sl opes
ranging from3 to 18% steepness and 30 to 300 ft (10 to 100 m) in length.
Wthin these limts, LS values range froma |ow of about 0.2 to a high of
about 6.

Cover and Managenent Fact or

The cover and nanagenent factor, C, is dinensionless and is the ratio of

soil loss froman area with specified cover and nanagenent to that from an
identical area in tilled and continuous fallow. The C factor is a neasure of
the conbined effects of all cover and nanagenent variables affecting soil |oss

and is the nmost difficult factor to estimte (under npbst conditions except the
unit plot) in the USLE. At a particular site, once K, LS, and P have been
nmeasured or specified, then R can be neasured or calculated. The C factor is
then determnmined over tine (cover and managenent practices take tine to
i mpl enent, and their conbined and interactive influences nay take nonths or
years to stabilize) and on a nostly enpirical basis. Moreover, because
veget ati ve cover devel ops over tine and with the seasons, as controlled by
pl ant physiol ogy, climte and weat her, nanagenent, soil characteristics, etc.
it is highly dynamic and highly variable. Therefore, the C factor |unps an
enor nous anmount of information on biological, chenical, physical, and | and use
or managenent -i nduced variability into a single coefficient. Under these
conditions, its specification involves a great deal of judgnent and
subjectivity based upon enpirical data and experience. Mreover, the
reliability of C factor estimates is a function of all these interactive and
ill-defined relationships, so that true neasures of its variability are
i mpossible in the objective sense and are data- and judgnment-based in a
heuristic sense.

Wthin each climtic zone, there are periods during the year when highly
erosive rainfall episodes are expected (subject to localized and short-term
weat her patterns), as are periods of poor to good plant cover. Therefore, for
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the sane soil, topography, rainfall energy, etc., if the degree of
correspondence between rainfall periods and plant growth stages varies between
regi ons, then the values of C, for the sane cropping system wll vary between
the regions. Under these conditions, it is necessary to derive C factors for
the localized climatic and plant growh rel ati onshi ps.

The USLE Handbook describes various itens affecting estinated C factors
as follows:

1. Cropstage periods to represent the seasonal changes in effectiveness of
pl ant cover.

2. Crop canopy as a neasure of the degree of protection provided by the
canopy.
3. Residue mulch as a neasure of “on-ground” protection fromraindrop inpact.
4. Incorporated residues affecting the top few inches of soil.
5. Tillage as it affects the soil, residues, etc.
6. Land use residuals such as the influence of plant roots, organic matter,
and other factors of interseasonal inportance.
Table 5, pp. 22 through 24 of the USLE Handbook, lists several hundred
soil loss ratios for croplands. Values in Table 5 range from .01 to 1.40,
representing soil loss ratios of from1l to 140% of the soil loss froma

continuous fallow plot. Entries in Table 5 include cover, crop sequence, and
managenent, as well as spring residue and percent cover after planting,
cropstage fromfallow to seedbed preparation, and crop cover from seedbed to
conpl ete canopy cover. Tables 6 through 12 and Figs. 5 through 9, in the USLE
Handbook, present additional infornmation on estimating C factors for other
croppi ng practices for pasture and rangeland sites and for climatic
adj ustnments for seasonal variations in El

Research efforts are under way throughout the United States, and in
several other countries, to deternine C factors under a variety of conditions.
Two general approaches are used separately and in combination. First is the
subfactor approach, in which C for a particular situation is estinmated based
on the known influence of conponent processes via a subfactor approach. The
second nethod is to transport portable rainfall sinmulators to various
| ocations to derive on-site estinmates of C factors using simulated rainfall
These efforts are produci ng additional estinates of C factors beyond those
summari zed in the USLE Handbook

Support Practice Factor

The support factor P is dinmensionless and is a factor used to represent
the ratio of soil loss with a specific support practice to the soil loss on a
unit plot. The npbst inmportant support practices for cropland are contour
tillage, strip-cropping on the contour, and terrace systens. The P factor is
descri bed (for croplands) on pp. 34 through 39 of the USLE Handbook. Val ues
of P for contouring range fromabout 0.6 to 0.9, for strip-cropping about 0.3
to 0.9, and for contour-farmed and terraced fields, fromabout 0.05 to 0.9.
Therefore, a reasonable range for Pis from0.05 to 1.0, dependi ng upon the
site-specific conditions described in the USLE Handbook
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CGeneral Comments

The USLE, as an enpirically derived and data based nodel, shares the
strengt hs and weaknesses of such procedures. In terns of its main factors
(RKLSCP), it is a linear equation, but in terns of how physical features and
managenent practices affect the factors, it is nonlinear. For exanple, LS is
a nonlinear function of slope |ength and steepness, and Cis a nonlinear
function of the percent nulch cover

The USLE is intended to estinmate | ong-term average annual soil |oss from
upl and areas. The enphasis in devel opnent of the equation was on agricultura
areas of the humid United States. Users and potential users should keep these
two facts in mind in application of the USLE

The USLE has provided a focus and a net hodol ogy of conducting erosion
and soil conservation research for decades. As a nethod for focusing research
and as a nethod for summarizing research data representing conpl ex processes
and interactions, the USLE has served a useful purpose. The USLE is the npst
wi dely known and accepted nethod of predicting erosion and of eval uating the
i nfl uence of erosion control methods. The equation, and its associ ated
nmet hodol ogy, will probably be used in these ways for the foreseeable future.
Research scientists and users, however, should not see the USLE as a true and
final representation of erosion, erosion prediction, and erosion research
The USLE is a step in our continuing efforts to devel op understandi ng and
i mprove nodels to estimate erosion and sedi ment vyield.

Model s for Erosion Dynam cs on Upl and Areas

A | arge nunber of erosion-sedi nent yield nodels have been devel oped.
Sonme of these nodels use the USLE as a starting point and inprove or el aborate
upon particul ar conponents or processes. Qhers begin formulating
erosi on/ sedi nent yield processes independently of the USLE structure, and
solve the resulting equations. Foster (1982) sumarizes several of these
nodel s in tabular format, and Knisel (1980b) di scusses several nopdels.
Al t hough all of these nbdels are in sone way related to the USLE, a usefu
classification is whether or not the nodel is directly related to the USLE

USLE Mbdifi cati ons

Onstad and Foster (1975) nodified the R factor in the USLE to explicitly
account for rainfall and runoff separately. This nodification was intended to
al l ow i ndividual storm (rather than | ong-term average) estination of upland
soil loss. Al other factors in the USLE retained their origina
i nterpretati on and neani ng.

Willianms (1975) nodified the USLE (called MUSLE for "Mdified USLE") to
replace the R factor by a runoff factor and to interpret the other USLE
factors on a watershed-w de basis. Thus, MJSLE is really a watershed, rather
than an upland, sedinment yield nodel and will be discussed in greater detai
| ater.

The ANSVERS nodel (Beasley, 1977) is a conplex and distributed nodel to
estinmate erosion and sedinent yield in tine steps during a stormand over a
wat ershed for individual runoff events. This is a watershed, rather than an
upl and nodel, but is based, in part, on USLE paraneters and factors. The
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CREAMS nopdel (Knisel, 1980a) estinates erosion and sedinent yield on an

i ndi vidual stormbasis (not dynamics during or within the storm as in
ANSVERS) and i ncorporates sone USLE paraneters and factors. The CREAMS nodel
will be discussed in greater detail later.

O her Upl and Model s

O all the alternative fornul ations of erosion dynam cs on upl and areas,
the nost useful for the present discussions are those directly coupled with
the kinemati c wave equations for runoff on a plane. Oher fornulations or
nodel s, consisting of a cascade of planes and channels to represent an entire
wat er shed, coul d be considered. For the present discussions, however,
enphasis will be on a single plane used to represent upland or latera
overland fl ow areas.

Ki nemati c wave equations for overland flow on a plane have been shown to
apply (with consequent paraneter distortions dependent upon the degree of
surface irregularity) to nmany irregular surfaces (e.g., Wol hiser, Hanson, and
Kuhl man, 1970). Such surfaces can include topographically sinple upland areas
on natural watersheds. For these conditions, the one-dinmensional kinenmatic
wave equations for a plane are:

oh  aq
— T =1 —1()
ot  o0x
(21)
and
g = Kh"
(22)
wher e
h = Local depth of flow per unit width
o} = Runoff rate per unit wdth
p(t) = Rainfall rate
f(t) = Infiltration rate
K and m = Par anet ers
t = Ti me
X = Di stance down the pl ane

Equation 21 is the continuity equation, and Eq. 22 is the sinplified nomentum
equation, in which the friction slope is assuned equal to the slope of the
pl ane (see Huggi ns and Burney, 1982, as a recent reference describing these
equations). |In general, p(t) and f(t) are given by conplex and nuneri cal
rather than analytical, functions, so that Egs. 21 and 22 are sol ved
nunerical ly.

The continuity equation for sedinent particles traveling with the nean
wat er velocity is given by:

ach %:EHER
ot 0X

(23)
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wher e

Sedi nent concentration

Sedi nent di scharge rate per unit wdth
Interrill erosion rate

Rill erosion rate

Cc
ds
E
ER

Notice that EIl and ER are conplex functions of nany factors, as described
earlier.

Based upon previous work (Foster, Meyer, and Onstad, 1977; Helnfelt,
Pi est, and Saxton, 1975; Shirley and Lane, 1978; Lane and Shirley, 1982),
several assunptions for Egs. 21 and 22 can be nade which allow derivation of

anal ytic solutions. |If the difference between rainfall and infiltration rates
in Eq. 21 can be approximated as a step function [i.e., p(t) — f(t) =r], then
anal ytic solutions to the runoff equations are available. |If we further
assune that gs = cq and define ElI and ER as
El = Kr
(24)
and
ER = KR(Bh™ — gs)
(25)
wher e
R = Rai nfall excess rate
Kl = An interrill coefficient
KR and B = Rill coefficients
The other variables are described above. |If we further |et
Bh™ = (B/K)q
(26)

then Eqs. 21 through 26 forma kinenmatic wave nodel for runoff and erosion on
a pl ane.

Foster, Meyer, and Onstad (1977) specified the approximte forns of the
erosion equations (Egs. 23 through 25). Helnfelt, Piest, and Saxton (1975)
derived an anal ytic solution to the nodel (Egs. 21 through 26) for the rising
portion of the hydrograph but not for the entire hydrograph. Shirley and Lane
(1978) solved the equations for the entire hydrograph and derived a sedi ment
yield equation by integrating the solution to the nodel. Lane and Shirley
(1982) applied the nodel to runoff and sediment data fromerosion plots and a
smal | watershed to derive paraneter val ues.

The solution to the nodel (Egs. 21 through 26) is runoff rate q(x,t),
sedi nent concentration c(x,t), and thus sedi ment discharge rate qs(x,t) =
c(x,t)q(x,t) as functions of distance(x) and tinme(t). These solutions are
integrated with respect to tinme to produce a sedinent yield equation QS(x) as

Q(x) = QX)[B/K + (K — B/ K)F(x)]
(27)
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wher e
QS(x) = Sedi nent yield as a function of distance down the plane
Q x) = Runof f volune at x
F(x) = A function of (x)

The ot her variables are descri bed above. The function F is given as

F(x) = [1 — exp(-KRx)]/ (KRx)
(28)

Now, if both sides of Eq. 27 are divided by the total runoff volune, Qx),
then Eq. 29 becones an equation for the time-average sedi nent concentration as
a function of distance. That is,

C(x) = B/K + (KI - B/K)F(X)
(29)

is an equation for the tinme average sedi nent concentration during a runoff
event and at a particular x.
The Iimt of F(x), as x approaches zero, is 1.0, so that in the linmt

C(0) =CO =KI
(30)

is an expression for the initial concentration as runoff begins. Notice that
CO = KI is a statenment that the initial concentration (at x = 0 and t = 0 and,
infact, at t =0 for all x) is equal to the interrill detachnent rate.

The Iimt of F(x), as x approaches infinity, is zero, so that in the
limt,

C(») =B/K
(31)

is an expression for the tinme average sedi nent concentration for infinite

di stances down the plane. Notice that Eq. 31 can be interpreted as a linmting
case where sedi nent concentration approaches the sedi ment concentration
corresponding to transport capacity in the rills.

Therefore, the quantity (KI - B/K) can be used as a neasure of how this
upl and nodel deals with detachnment capacity, transport capacity, and sedi nment
load. If B/Kis less than KI, then interrill detachnent rate is always in
excess of rill transport capacity. Under these conditions (1) at any

particular tinme, sedinment concentration will decrease with distance down the
pl ane, and (2) at any particul ar distance, sedi nent concentration wll
decrease with tinme during the period of runoff. |If B/Kis exactly equal to
KI, then sedinent concentration is constant with tinme and uniformw th space
during runoff because interrill detachnent rate is exactly equal to ril
transport capacity. |If B/Kis greater than KI, then rill transport capacity
is always in excess of interrill detachnment rate. Under these conditions (1)
at any particular tine, sedinment concentration will increase with distance
down the plane, and (2) at any particular distance, sedinent concentration

Wi ll increase with tine during runoff.
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In the first case (B/K < KI), sedinent yield will be linited by
transport capacity in the rills. The second case (B/K = KI) is a steady-state

and uniformcase and is highly unlikely. |In the third case (B/K > Kl),
sedinent yield will be Iimted by interrill detachnent if net rill erosion is
limted, or by the rill erosion rate if significant rill erosion occurs.

In ternms of the USLE paraneters, case 1 (B/K < KI) is likely to occur on
shal | ow sl opes with erodible soils and little cover protection (low LS, high
K, and high C factors). Case 3 is likely to occur on steep slopes and sone
cover protection (high LS, noderate to low K, and low to noderate C factors).

An approxi mate but useful, rule-of-thunb for field observations is as
fol | ows:

1. Case 1 (B/K < KI, transport capacity limted): 1look for rills, if
apparent, with rectangul ar or trapezoidal cross-sections and flat, sandy
bottons; and small stone or other mulch el ements suspended on col ums
suggesting they provided protection fromraindrop inpact.

2. Case 3 (B/K > KI, detachnment linmted) ook for rills with incised bottons
in a V-shape, and stair-stepped longitudinal slope in the rills
characterized by small headcuts or nick points.

The results sunmarized above are for sinplifying assunptions necessary
to obtain analytical solutions to Eqs. 21 through 23. Mre realistic
assunptions on the infiltration process, or nore conplex geonetries consisting
of cascades of planes and channels, require nunerical solution of the basic
equations. Foster (1982, pp. 370 through 372) sunmarized several inportant
contributions in this area of nodeling and provi des conments useful in
sel ecting an appropriate nodel for a particular application

Wat er shed Model s

Wat er shed nodel s used in conputation of sedinent yield from wat ersheds
vary in conplexity, depending primarily upon two considerations. The first
consideration is the level of detail represented by the equations conprising
the nodel and is a neasure of the conceptual and nmathenatical conplexity. The
second consideration for a particular nodel is the size and conplexity of the

prot ot ype wat ershed represented by the nodel. For the present discussion

nodel s for overland flow with sheet and rill erosion are classified as upland
nodel s. |f channel processes are included in the nodel representation, then
it is termed a watershed nodel. Under these criteria, the USLE is an upl and

nodel , whereas the CREAMS nodel (although a field-scale, as opposed to basin-
scale nmodel) is a watershed nodel because it includes channel processes. The
CREAMS npdel , however, can only deal directly with watersheds characterized by
overland flow contributing to a channel segnent. O her nobdels, such as
ANSVEERS, can sinmul ate sedinment yield fromwatershed with conpl ex channe
networks. Foster (1982) presents a summary of many inportant nodels, and

Kni sel (1980b) presents an overview of erosion and sedi nent yield nodels.

Sel ect ed nodel s which incorporate a | unped, or index, approach to estimation
of sedinent yield are sumuarized in Table 1. The MUSLE (W Il ians, 1975)
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TABLE 1
Summary of Sel ected Model s as Lunped, Sinplified, or |Index Procedures
to Estinmate Watershed Erosion and Sedinent Yield

Model Ref erence Comrent s

MUSLE WIlliams (1975) Modi fication of USLE using runoff volume and peak
rate in place of the R factor. Sedinent yield
equation for individual stormns.

PSI AC PSI AC (1968) Cl assification method involving nine factors
(high, nmoderate, and flow) to estinate annual
sedinent yield in Pacific-Southwest.

Fl axman Fl axman (1972) Regr essi on equation for reservoir design in the
West. Average annual sedinment vyield.
Delivery ratio ASCE(1975) ; Basic references for delivery ration approach in
ARS (1975) estimating sedi nent vyield.

approach uses USLE factors (averages over a watershed area), except that the R
factor is replaced by a function of runoff volunme and peak rate of runoff.
This nmodel is relatively easy to use and has been applied on a | arge nunber of
wat er sheds. The PSI AC (1968) nodel was devel oped as an i ndex, or
classification, nethod involving factors representing geol ogy, soils, climate,
runof f, topography, ground cover, |and use, upland erosion, and channe
erosi on/ sedi nent transport. These factors are conbined to produce a rating
factor. Based upon the rating, average annual sedinent yield is estinated as
being in one of five intervals or ranges. Flaxman's nethod (Fl axnan, 1972) is
based upon a regression equation involving average annual precipitation and
tenperature, average watershed slope, and soil factors. The last entry in
Table 1 does not refer to a specific nodel but to a technique or methodol ogy
called the delivery ratio approach. The cited references provide basic

i nfornmati on on background and the specific formof the equations used to
approxi nate a delivery ratio.

Sel ected nodel s, which incorporate a sinulation approach to estinate
runof f sedinent yield fromwatersheds, are sunmari zed in Table 2. The Negev
(1967) nodel is based on an early hydrologic sinulation nodel, the Stanford
Wat er shed nodel (Crawford and Lindsley, 1962). As such, it represented a
met hod of driving erosion/sediment yield nodels using a hydrol ogi c nodel and
directly incorporated runoff rates and anounts, rather than runoff indices. A
conpr ehensi ve wat ershed nodel, called the CSU nbdel in Table 2, was devel oped
at Col orado State University. The nodel includes overland and open channe
flow, bedload and suspended sedi nent, and sedi nent routing by particle-size
cl asses. Many of the paraneters can be estimated from previous anal yses, and
t he nunber of paranmeters requiring calibration will probably decrease in the
future, as the nodel receives wide use. As for all basin scale nodels, the
anmount of paraneter distortion, caused by |unping as watershed size increases,
i s unknown. The ANSWERS nmpdel was devel oped prinmarily for agricultural areas,
and t hus nakes use of some USLE parameters. It is based on a grid network
schene to segnent a watershed so that it shares the strengths (repeatability,
conpatibility with renpte sensing, and nmap specified paraneters, etc.) and the
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TABLE 2
Sunmary of Sel ected Mbdels as Sinmulation Procedures to Estinate Watershed
Er osi on and Sedi nent Yield

Mbdel Ref er ence Conmment s
Negev Negev (1967) Exanpl e of a distributed erosion and sedinment yield
nodel coupled with a hydrol ogi ¢ nodel .
Csu Sinons et al. (1975); Er osi on and sedinment yield in overland fl ow and open
Si nmons and Li (1976); channel flow  Kinenatic cascade nodel. Has been
Li (1979) appl i ed under a variety of conditions. Basin scale

nodel for individual events.

ANSVEERS Beasl ey (1977) I ncor porates sone USLE paraneters and is based on a
grid network to distribute paraneters. Designed as
a basin scale nodel for agricultural areas

CREAMS Kni sel (1980a) Erosi on and sedi nment yield nodel for sinple
wat ersheds (field scale). Estimates are for an
entire stormevent with continuous hydrol ogic
sinul ati on between events. Uses some USLE
par anet er s

weaknesses (paraneter estimates often a function of grid size, grid

i ntersections overlap topographic features, etc.) of grid-based procedures.
The CREAMS npdel sinulates erosion and sedinent yield for individual storms
but uses runoff volune and peak discharge. Thus, it does not account for
dynami c variations within the runoff hydrograph, except in an approximte
sense. It does, however, treat spatially varied flow in the channel routing
routi nes. The CREAMS nodel uses some USLE paraneters and was designed to be
used with a m ni mum anmount of calibration. The CREAMS nodel (like the USLE
and CSU nodel s) has received wide use and will probably receive extensive use
in the future.

Finally, a very useful inventory of currently available hydrol ogic
nodel s is given by Renard, Rawl s, and Fogel (1982). They provide references,
abstracts, and informati on on processes simul ated, geographic area, and | and
use of 75 hydrologic nodels. O these 75 nodels, 17 include erosion and
sedi ment yield conponents. Renard, Rawl s, and Fogel (1982, p. 510, Table 2)
list 10 references which also summari ze and catal og hydrol ogi ¢ nodel s.

EXAMPLE PROBLEMS AND MORE
COMPLEX MODELS

In this section, the enphasis is on problemclassification and how this
classification is related to nodel selection. This can be stated another way.
If we analyze and classify a particular problem wll this information be of
use in selecting the appropriate nodels to apply in reaching a solution?

Upl and Er osi on

G ven the conditions of a uniformhillslope, which nodels might be
appropriate to answer the foll ow ng questions?
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1. Is soil loss, on the average, likely to be limted by detachnment processes
or transport processes?

2. What is a reasonable range (in percent by weight) in expected sedi nent
concentration during a “typical” runoff event?

3. Wiat is the particle-size distribution one m ght expect for eroded sedi ment
in runoff?

4. What would be the influence on sedinment yield if the slope were concave or
convex?

5.

To neet prespecified design criteria, how would one estinate the vol une of
runof f and total sedinent yield for a 25-year stornf®

These questions, and the suggested nodels, are sumuarized in Table 3.

TABLE 3
Exanpl e Probl ems and Suggested Mddel s for Each Problem Related to Erosion on a
Hi Il sl ope
Question Suggest ed Model s Conment s
1. Detachnent or transport 1. Kinematic wave, erosion Equations 21 through 31 and
limting nodel relation of KI to B/K used
to estimate limting
factors. Choose a
representative storm or
st or ns.
2. Range in expected 1. CREAMS Can be used to conpute
concentration 2. MJSLE runof f and sedi ment vyield,
and thus concentrati on.
3. Particle size 1. CREAMS Cal cul ati ons nade by
di stribution 2. CsuU particle size classes and
3. MJSLE ( SVRRB) default val ues avail abl e.
4. Sl ope shape 1. CREAMS Designed for this type of
anal ysi s.
5. Yields for 25-yr storm 1. CREAMS CREAMS desi gned to conpute
2.  MJSLE and runoff nodel runof f and sedi ment vyield.
3. SVRRB MJUSLE needs runof f

estimates. SWRBB estinmates
runof f and sedi ment vyield.

O her nmodel s could be equally applicable, but of those discussed, the ones
listed in Table 3 are thought to be nobst appropriate. For exanple, question
4, influences of slope shape, is particularly suited to the CREAVMS nodel ,
because it was intentionally designed to address this problem The MJSLE
nodel nmay be particularly appropriate for question 5, dealing with sedinment
yield for a 25-year storm because it can use runoff peak rate and vol une
estimates from any source, including neasured values or estimates from an

i ndependent flood frequency analysis (Wllians et al., 1985). |If these runoff
estinmates are avail able, MJUSLE can be applied directly and sinply.

Sedi ment Yield from Larger Watersheds

Suppose estinates of total sedinment yield are needed for a conplex (on
the order of 10 to 100 km 2 drai nage area) watershed. |f average annua
estinmates were of interest, then the USLE could be applied to several typica
subareas to estimate a watershed-w de estinmate of gross erosion, and this
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estinate would be nmultiplied by a delivery ratio to estinmate sedi nent yield.
This would provide a first estimate of average annual sedinent yield. As an
alternative approach, a tine series of runoff volunme and peak rates
(sufficiently long to estinate average annual val ues) could be used with the
MUSLE to generate a tinme series of sedinent yield estimates. A recently
devel oped nodel, SWRRB, described by Wllians et al. (1985), includes MISLE in
a continuous sinulation nodel. Under conditions as encountered in the western
United States, the PSIAC or Flaxman net hods m ght be used to nmke estinmates
i ndependent of the USLE structure and net hodol ogy.

I f individual stormestinates were required, then MJUSLE coul d be used
with concurrent runoff estimates. The obvious alternative would be to use a
conpl ex simul ati on nmodel, such as the CSU, ANSWERS, or SWRRB nodel. In any
case, however, it may be useful to apply the USLE-delivery ratio, or MJSLE, or
one of the regression or index nmethods to nake a prelininary estimate. This
prelinmnary estimate could be used as a reference point, or rough order of
approxi nation, to conpare with conparable estinates fromthe nore conpl ex
simul ation nmodels. Finally, other procedures are available fromthe USDA Soi
Conservation Service and the U S. Arnmy Corps of Engineers. In nany cases,
t hese procedures may be nobst appropriate for a | arge nunber of problens.
Therefore, potential nodel users are urged to consult the naterial presented
by Renard, Rawl s, and Fogel (1982) to begin the nodel selection processes on a
br oader basis than outlined herein.

FUTURE DI RECTI ONS I N
RESEARCH AND TECHNCLOGY

Thr oughout the previous sections, specific comments were nmade as to the
i kelihood of continued use of a nodel in the future. This section expands on
these comments in a brief fashion

For our purposes here, forecast nmeans to estimate or calculate in
advance based on experience and an assessnent of present conditions. 1In the
present context, the intent is to forecast devel opnent of new nodels and
t echni ques.

As suggested earlier, sone class of problens will continue to be solved
by application of the USLE. There is a need for sinple, easy-to-use nodels
with sufficiently sinple structure and docunented paraneters val ues.

Moreover, for a specific application, if the sane results are obtained by
several individuals, then the procedure has the advantage of repeatability.

| f capabl e and dedi cated individuals, assisted by institutions conmtted
to support the nodels and the individuals, assist in prolonged nodel
devel opnent and technol ogy transfer, then their nodels are likely to becone
wi dely accepted. This was the case for the USLE, the Stanford nodel, the CSU
nodel , the CREAMS nodel, and ot her procedures and nodel s nai ntai ned by
agenci es such as the Corps of Engineers and the Soil Conservation Servi ce.
Therefore, it is likely that nost of the nodels identified here (especially
those shown in Tables 1 and 2) will continue to be used in the near future.

Devel opnent of New Mddel s

No nodel, or group of nodels, will ever be appropriate for all problens.
Thus, it woul d seem reasonable to assunme the continued nodification of
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exi sting nodels and t he devel opnment of new ones. A reasonabl e assunption
m ght be the devel opnent of coupled partial differential equations for runoff
and erosion (simlar to Eqs. 21 through 27) to derive sinple sedinent yield
equations sinlar to Eq. 27. Devel opments such as these, coupled with
extensive field research prograns, may produce sonmewhat nore fundanentally
based erosion/sedi nent yield equations conparable to the USLE in practica
applications.

| mproved nodel s for sinple watersheds nay be devel oped based upon the
CREAMS nopdel structure (coupled hydrol ogi c nodels and erosion/sedi ment yield
nodel s). These efforts may result in inproved nodels which better represent
the strong interactions between runoff and erosion and which nore directly
account for dynam c processes and feedback. For exanple, inproved runoff
nodel s, which nore accurately account for spatial variability ininfiltration
may produce better estinates of spatial variability in erosion, sedinent
transport, and deposition. The lack of suitable nethods to accurately predict
infiltration, and thus runoff, constitutes a nmgjor linmtation in the
devel opnent of inproved erosion/sedinment yield nodels. |If current efforts to
improve infiltration nodels are successful, the inprovenents in representing
runof f in erosion/sedinent yield nmodels will quickly follow

A second najor linmtation is the | ack of suitable nmethods of |unping
t opographic elenents (and thus paraneter estinmates for the topographic
el ements) to represent |arge and conpl ex watersheds in mathenatical nodels.
For exanple, how |l arge an area can be represented as an upland area dom nat ed
by interrill and rill erosion? At what point is it necessary to include
channel processes? Gven that we know the answer to these questions, we then
need to know how paranmeter values are affected as the size of the upland area
i ncreases. Another related exanple is in the representation of the steam
channel network in the watershed nodel. How much of the detailed channe
network in the prototype watershed (and renmenber, the number of channe
segrments i s dependent upon the map scale selected to represent the prototype
wat er shed) shoul d be represented in the mat hematical nodel? |If the channe
network is truncated in the nodel so that sone of the smaller channels are
i gnored, then how does this affect the nbdel performance and paraneter
estinates? At each stage, in representing watershed topography or geonetry,
there are various degrees of snoothing detail and spatial |umping. At
present, there are no suitable nethods of acconplishing this |unping or
predicting its influence on paraneter distortions or nodel perfornance. |If
progress is made in this general area of |unping-paraneter distortion-nodel
performance, then inprovenments in watershed runoff, erosion, and sedi nment
yield nodels will directly follow. Additional details on necessary research
to advance our ability to understand and nodel many of these processes, are
given in a recent state-of-the-art report (ASCE, 1982).

Appl i cations of Expert Systens

In this section, the concept of an expert systemis introduced, and the
concept of enbedding a mat hematical nodel within an expert systemis proposed
as a nethod synthesizing the power of expert systems with conputer sinulation
nodel s.
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Definition and Significance of Expert Systens

An expert systemis a realization of a method to conbine the experience
and judgenent of scientists, engineers, or other specialists with the storage
ability and conputational efficiency of a digital conputer to obtain a
solution, partial solution, or nmethod of obtaining a solution to part
particul ar problem

Expert systens are described in the first chapter of a recent book
(Bramer, 1982, p. 3) as follows:

An inportant devel opment, arising largely fromArtificial Intelligence
research which has crystallized in the past few years, is the idea of an
expert system An expert system has been defined as a conputing system
whi ch enbodi es organi zed know edge concerni ng sone specific area of human
expertise sufficient to performas a skillful and cost-effective

consul tant.

The significance of expert systens is that, if successful, they provide
a neans of obtaining expert opinion based on education, experience, and
availability, without the necessity of obtaining the experts. O course, the
systens will not approach perfection in the foreseeable future (that neans
they will not be as good as the actual experts) because the human brain wll
remai n superior to any program Perhaps, a better sunmary of the significance
of expert systens is given in the preface of the previously cited book
(Mchie, 1982, p. xii) as foll ows:

| do not believe that there is a nore inportant thene for conputer-based
i ndustry today than the new craft of know edge engi neering, or one whose
ram fications reach further into all corners of intellectual, social, and
econonmic life. |If one sees, as | do, the conputer-based expert system as
a common nodel for know edge-driven transactions of all kinds, from
advising a conmercial client to planning the econony, fromtraining a
student to instructing an industrial robot, then it should be plain to
all that whichever community can first nmaster the new technol ogy can
expect to obtain a decisive advantage.

Exanpl es of Expert Systens

Three existing expert systens can serve as useful exanples in describing
such systens in preparation for consideration of systens devel opnent for
conputing erosion and sedinent yield. Braner (1982, Table 1, pp. 8-11) lists
35 expert systens and classifies themaccording to area of application, while
providing references and brief descriptions of each system Three of these
systens are briefly described in Table 54.

The PROSPECTOR expert system was developed to aid in evaluating a site
or region for mneral deposits. Qutput fromthe programincludes probability
statenments as to the occurrence of a mineral deposit at the site. This system
is also interactive and can trace or explain how a particular probability (a
decision, in this case) was reached. The PROSPECTOR system woul d appear to
have significant potential for applications in nineral exploration. |t may
continue to serve as a prototype systemin the future.

Expert Systens for Runoff, Erosion, and Sedinent Yield

From the exanpl es shown in Table 4 and the previous discussions as to
the need for experience and judgnent (i.e., experts) in applying and
interpreting nodels for runoff, erosion, and sedinent yield, it appears that
there nay be potential for expert systens applications in these areas. For
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TABLE 4
Sel ect ed Exanpl es of Expert Systens*
System Ref er ences Comment s

DENDRAL Fei genbaum et al. (1971) An early system devel oped at Stanford to

(chem stry) identify organic conpounds using data from
mass spectrograns.

MYClI N Shortliffe (1976) Devel oped to di agnose and reconmend

(redi ci ne) appropriate drug treatment for infectious
di seases (bl ood di seases and meningitis).
Desi gned for interactive use. Includes

procedures to “explain” how a recomendati on
was reached

PROSPECTOR Duda et al. (1979) Devel oped at SRl International to aid in

(geol ogy) evaluating a site or region for mnera
deposits. Designed for interactive use
Al so includes expl anation features

*As summarized by Bramer (1982) in a Review of Expert Systems Research

exanpl e, even a nodel as sinple as the USLE requires the application of
judgment in selecting appropriate C factors.

A USLE- based expert system much like those shown in Table 4, would
appear to be possible and should be of benefit for a wi de class of users.
Such a system coul d conduct an interactive dialogue with the user to first
ascertain if the USLE is appropriate for the problem Once this was
established, then information could be obtained to evaluate the factors,

i ncludi ng applications of expert know edge in estimation of the C factor

Next, the USLE soil loss estinmates could be subject to expert interpretation
with respect to the broader aspects of the user's problem (e.g., ranking
conservation nmeasures, selecting support practices to neet specified soil |oss

tol erances, etc.). This proposed application provides a hint of the new
application or nodification of expert systens proposed herein.

The major difference between traditional expert systens, such as those
summari zed in Table 4, and the expert systens proposed here, is that, rather
than only building in a fixed nunber of rules or conditions, a simulation
nmodel (such as CREAMS) coul d be enbedded within the expert system The fixed
conditions or rules would be used to provide input data and paraneter val ues
for the nodel, and then to interpret the simulation results or nodel output.
Wth this type of system the nunber of conditions or rules remains fixed at a
relatively small nunber, but there are an infinite nunber of possible
simul ations. The addition of sinulation capability (including sensitivity
anal ysis and predictive capability) to an expert system woul d enhance the
system s ability to exanmine a problemusing a "Wat if?" approach

SUMVARY

Many contam nants, such as actinides, in the environment are strongly
associated with the soils conpartnent. Processes which affect soil can thus
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af fect soil-associated contani nants. Physical transport processes (e.g.
erosion and sedi ment transportation and deposition) result in redistribution
of sedi nent -associ ated contani nants and usually involve fine particle and
cont am nant concentration enrichment.

Recent advances have i nproved our understandi ng of these physica
transport, particle sorting, and enrichnment processes. Recently devel oped
erosion and sedinment yield nodels directly incorporate physical nechani sns
controlling enrichnment and thus have inproved our understandi ng of physica
mechani sns i nportant in contam nant transport.

Wat er shed processes controlling erosion and sedinent yield are described
in detail, as are two upland erosion nodels (USLE and the ki nematic nodel).
Better understandi ng of these processes and their nodels is required to
address sonme of the nore subtle and fundanental problens in sedinent-
associ ated contami nant transport and redistribution

Model s for application on nore conpl ex watersheds are described, and
exanpl e problens are presented which suggest how t hey night be applied on
wat er sheds. The state-of-the-art in devel opment of such nodels is described
and di scussed. Sufficient information is presented to allow a potential nodel
user to deci de which erosion-sedinent yield nodels mght be nbst appropriate
to predict sedinent-associated contaninant transport and redistribution

Expert systens are described and discussed relative to past applications
and new applications in nodeling erosion and sedi nent yield. The concept of
an enbedded sinulation nodel within an expert systemis introduced. Such a
system as described night, in turn, be enbedded within a contani nant
i nventory-transport-redistribution nodel.
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